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technique to overcome transition bit errors in a plurality
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1

ERROR CORRECTION CIRCUIT SUITABLE FOR
THERMOMETER OR CIRCULAR CODE

FIELD OF USE 5

This invention relates generally to electronic circi-
utry and, more particularly, to circuits that correct
errors in digital codes.

BACKGROUND ART

An analog-to-digital converter (ADC) of the flash
type contains a set of input comparators that ideally
produce a “thermometer” code—i.e., a digital code
consisting of a group of binary “ls” followed by a
group of binary “0s” or vice versa—as an intermediate
step in converting an analog input voltage into a digital
output signal. The thermomoter code has no “0s” in the
group of “1s” and vice versa. For example, see the {lash
ADC described in Peterson, “A monolithic Video A/D
Converter,” IEEE JSSC, Dec. 1979, pp. 932-937.

Table I below illustrates the structure of an M-bit
thermometer code in more detail. M is 3 or more. The
code consists of M digital signals represented here as
bits D1, D3 . . . Das. Including the “all 0 and “all 1”
cases, there are M+ 1 permutations of “1s” and “0s”.

The permutations can be defined in algorithmic form
as a function of an integer variable P. An arbitrary one
of bits D1-Djs is referred to as bit D;, where “1” is a
running integer.
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TABLE 1
Thermometer Code)

P D1 D2 D3 Dy . Da—1 Dy

0 0 0 0 0 0 0

1 1 0 0 0 0 0

2 1 1 0 0 0 0

3 1 1 1 0 0 0

4 1 1 1 1 0 0

' 40
Ml 1 1 1 1 1 0

M 1 1 1 1 1 1

>M 1 1 1 1 1 1

43

At any particular value of P in the digital range ex-
tending from O to M, each bit D;isa “0” for1>P and a
“1” for i=P. This expresses the concept that the size of
the group of “1s” increases by one each time that P
increases by 1. P is the digital equivalent of the analog
input voltage. The positions of the “1s” and “0s” could
be reversed in Table 1.

A “circular” code is an extension of a thermometer
code to include all the possible permutations of a group
of “1s” and a group of “0Os”. Table II below 1illustrates
the organization of an M-bit circular code. The permu-
tations are defined as a function of variable P in the
same manner as the thermometer code. In fact, the
portion of Table II for 0=P=M is the same as Table 1.
The remainder of Table II shows how the group of “0Os”
reappears and then progressively increases in size to

enable the circular code to “wrap around” the ends
when P reaches 2M.

50
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TABLE 11 65
Circular Code

P Dy D2 D3 Dy Dar—y Dy

0 0 0 0 0 0 0

2

TABLE: Il-continued
Lircular Code_

P Di D2 D3 Dy Dar—1 Dy
1 1 0 0 0 0 0
2 1 1 0 0 0 0
3 1 1 1 0 0 0
4 1 1 1 \ 0 0
M—-1 1 1 1 1 1 0
M 1 1 1 1 1 \
M+1 0 1 { { 1 !
M+2 0 0 1 1 1 \
M+3 0 0 0 1 ! 1
M+4 0 O O 0 1 1
M—-1 0 0 O 0 [
IM O 0 0 0 0 0

Circular codes are used in ADCS of the folding type
such as that disclosed in U.S. patent application, Ser.
No. 809,453, filed Dec. 16, 1985, continued as Ser. No.
096,793, filed Sept. 14, 1987, now U.S. Pat. No.
4,831,379.

The input stage that generates a thermometer or cir-
cular code occasionally causes a “1’’ to be erroneously
mixed in the group of “0s” or vice versa. This sort of
error is referred to here as a transition bit error because
there is at least one extra transition between “0” and
“1”. A transition bit error normally occurs near where
the code makes its intended transitions between “0” and
“1”, especially in flash and folding ADCs.

For example, a 6-bit thermometer code
(D1D3;D3D4DsDg) appears as (110000) when P is 2. If
D4 is produced as a “1” instead of a “0”, the code actu- °
ally appears as (110100). The presence of three transi-
tions between “0” and “1” indicates a transition bit
error.

The error creates two main problems. Firstly, one
cannot tell whether D4 should be a “0”’ or D3 should be
a “1” because the bit transistions occur after the other.
The actual code does not provide any indication
whether the intended code is (110000) or (111100). Se-
condly, in the absence of a suitable correction mecha-
nism, the output circuitry that transforms the code into
the digital output signal in an ADC is usually not de-
signed to handle situations where there is more than one .
transition between “0” and “1”. A bit transition error
can seriously foul up the output signal.

One way of attacking these problems is to put the
code through a digital logic circuit that either converts
the ““1” at D4 to a “0” or converts the “0” at D3yto a *1”.
The resulting code is in a thermometer format. The bit
error is O or 2 because of the uncertainty about the
intended code. The average bit error is 1. However, the
mean-square bit error is V2 or approximately 1.4. This
is unduly high for performance indicators, such as sig-
nal-to-noise ratio, based on the mean-square error rather
than the average error.

GENERAL DISCLOSURE OF THE INVENTION

The present invention provides an error correction
circuit that uses a digital “averaging’ technique to over-
come transition bit errors in a plurality of original bi-
nary bits ideally arranged as a thermometer or circular
code. The error correction is basically accomplished in
two steps. The correction circuit first generates a like
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plurality of intermediate signals respectively corre-
sponding to the original bits. Each intermediate signal
varies according to a weighted analog summation of a
selected odd number of consecutive original bits cen-
terd around the corresponding original bit. The correc- 5
tion circuit of the invention then compares the interme-
diate signals with corresponding further signals to pro-
duce a like plurality of “corrected” bits.

If there is a single transition bit error in the original
bits, the present circuit generates the corrected bits in a 10

true thermometer or circular format. For example, con-
sider the above-mentioned 6-bit code which 1s errone-
ously supplied as (110100). By virtue of the digital aver-
aging, the correction circuit converts the original
(110100) code into a true thermometer code (111000). 15
The circuit also corrects certain types of multiple transi-
tion bit errors. |

In the foregoing example, the corrected code is one
bit away from the originally intended code regardless of
whether it is (110000) or (111100). Thus, the average bit 20
error is the same as that produced with the digital
scheme mentioned above. However, the mean-square
bit error in the invention is only 1. This is 30% less than
in the digital scheme. The invention thereby provides a
significant advantage in applications, such as ADCs, 25
where there are important performance indicators de-
pendent on the mean-square error.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a general circuit for 30
correcting transition bit errors in a thermometer or
circular code in accordance with the invention.

FIG. 2 is a block diagram of an embodiment of FIG.

1 using complementary signals.

FIGS. 3 and 4 are block diagrams of embodiments of 35
FIG. 2 for correcting thermometer and circular codes,
respectively.

FIGS. 5 and 7 are circuit diagrams of general extend-
ed-input flip-flops usable in the circuit of FIG. 3 or 4.

FIGS. 6 and 8 are circuit diagrams showing bipolar 40
implementations of the flip-flops in FIGS. § and 7, re-
spectively.

Like reference symbols are employed in the drawings
and in the description of the preferred embodiments to
represent the same or very similar item or items. “IN”’ is 45
used as a subscript to indicate signals complementary to
previously defined signals.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring to the drawings, FIG. 1 illustrates a circuit
that applies the digital “averaging” principles of the
invention to correct transition bit errors in a code in-
tended to be in thermometer or circular format. The
code to be corrected consists of M original bits D1-Djs 55
supplied from an input stage 10 1in response to an analog
input voltage V. Depending on whether a thermometer
or circular code is desired, bits Di-Djsideally have the
characteristics shown in Table I or II and discussed
above. A network consisting of lower and upper end- 60
zone subcircuits 12 and 14, summing circuitry 16, a
signal generator 18, and comparing circuiiry 20 corrects
transition bit errors in bits D1-Dyy.

sSumming circuitry 16 receives bits Dj Dy In addi-
tion, circuitry 16 needs some extra bits to enable error 65
correction to be made near the beginning and end of the
original code. Subcircuits 12 and 14 provide the extra
bits.

50

4

In particular, lower subcircuit 12 supplies K bits
D_g+1... Do Upper subcircuit 14 similarly supplies
another K bits Das+1. . . Dy+x. K is typically 1 but
may be higher depending on the desired correction
accuracy. FIG. 1 shows the case in which K is 2. The
values of bits D_x...1—Dg and Dar+1—Dam4kx are de-
termined in the manner discussed below.

Summing circuitry 16 consists of M interconnected

summing elements Aj, A2 . . . Ay that respectively
generate M intermediate voltage signails Ey, Ea. .. Eyr

in response to the M+2K bits D_g . 1—Da+ k. Each
summing element A; receives the 2K 41 bits D;_x . . .
D;...Diix, where “i” is again a running integer. Each
element A; then produces its signal E; so as to vary
substantially according to a weighted analog summa-
tion of bits D;_ x~-D;.. x. More precisely, E;is a function
of |

where “§”” is a running integer, and the a;j terms are the
weighting constants.
Each signal E; normally varies with

K

E Al ;
P i#Di+

in a largely stepwise linear manner. This relationship
can be expressed as:

Ei = Agi+ B IE{ ()
- : - ﬂq- [} a
i Ei =K ifDi4-j

where Afg;is a constant for element A;, and B 1s a gen-
eral constant. Elements A1-Aarare preferably identical.
Consequently, the A g; constants are substantially equal.
The a; weighting constants at each value of 1 are like-
wise substantially equal. Eq. (1) can then be simplified
to:

Ei~Ad+B 3 @
| Gl 4§
' Bt g O

where A is a general constant for circuitry 16, and the
aj terms are the simplified weighting constants. The a;
constants are typically equal. Eq. (2) then becomes:

K (3)
EimA+B 2 Dy
j=—K

where each of the a; terms has been arbitrarily set at 1.

Signal generator 18 supplies M further voltage signals
F1, F2. .. Farat values that depend on whether a single-
ended or double-ended averaging structure is destred.
In the single-ended case, each voltage F;is set at a refer-
ence level typically about halfway between the extreme
voltage levels achieved by corresponding signal E;
during normal circuit operation. The reference levels
are preferably the same. In the double-ended case, each
signal F;is provided as the complement of signal E; in
the manner discussed below.

Comparing circuitry 20 consists of M comparators
Ci, Ca. .. Cprthat respectively produce M “corrected”
digital bits B1, B2. .. Bayrby comparing voltages E1-Eas
respectively with voltages F1-Fps. Letting bl be a se-
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lected one of binary vaslues “0” and “1”, each compara-
tor C; supplies its bit B; as value bl if E;is greater than
F;. The reverse occurs when E;is less than F;. Compara-
tor C;produces bit B;at a binary value b2 oppostte to bl.
Whether bl and b2 respectively equal “1” and “0” or
vice versa depends on the internal structure of summing
element A;. The normal results it that bit B;is provided
as a “1” if the “average” of bits D;—x—D;4x is high
(e.g., greater than 3) and as a “0” if the average 1s low
(e.g., less than 3).

Corrected bits Bj-Basideally form a thermometer or
circular code. Due to the digital averaging, the number
of transition bit errors that occur in bits Bj-Basdunng a
typical operational period is much less than the number
of transition bit errors present in bits D1 ... Das. This 1s
particularly true for single transition bit errors. Setting
K equal to 1 so as to achieve an averaging over 3 bits
- provides very good accuracy.

FIG. 2 illustrates a double-ended embodiment of the
circuit shown in FIG. 1. In the complementary archi-
tecture of FIG. 2, each bit D;is based on the difference
between a pair of signals supplied from stage 10 on
separate lines. Stage 10 also supplies the complement
Dp; of bit D; since complement Dy; is based on the
foregoing difference taken in the opposite direction.
Dpi equals 1--D; when D; and Dpy; are represented
numerically as 0 and 1. |

Signal generator 18 of FIG. 1 is formed as an integral
‘part of summing circuitry 16 in FIG. 2. In receiving the
2K+1bits D;_x...D;. .. Dit+x, summing element A;
also receives their respective complements Dy;—x . . .
Dni. .. Dniwk. Element A;then produces signal F;so
as to vary according to a weighted analog summation of
the complements. That is, F;is a function of |

where the a; terms have again been set at 1.

4,870,417
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where the b;; terms are the weighting constants. 40
Akin to the E; signals, each signal F; normally varies
with
£ o
jmz g PN 45
in a largely stepwise linear manner. Consequently:
K 4)
| Fi =~ AF; + Bf=§_ . biDNi -+ 50
where Ar;i8 another constant for element A;. Each F;
‘summation is preferably done with the same respective
constants as the corresponding E; summation. For the
case in which elements A 1-Asare identical, Eq. (4) can 35
then be simplified to: |
Fi~A+ B § D ©)
i == 4 j=—K aiDNi+j €0
In the preferred embodiment in which the a; weighting
constants are equal, Eq. (5) becomes:
| K 6) 65
Fi = A+ Bj=E_KDNi+j

6

Turning to FIG. 3, it depicts additional details for an
embodiment of FIG. 2 specifically directed towards a
thermometer code. Stage 10 in FIG. 3 consists of an
analog input circuit 22 and M flip-flops M, M2... My

controlled by a common clock signal (not shown). In

response to input Vj, circuit 22 supplies M voltages
Vi, V2. .. Vpayand M further voltages Vpni, Voar
... Vpna. Each further voltage V pniis complementary
to voltage Vp; In response to the clock signal, each
flip-flop M1 latches bit D; at “1” if Vp;is greater than
Vpn;i and at “0” if the opposite exists. Each pair of
components A; and C; forms an extended-input “flip-
flop” S;. In turn, interconnected flip-flips S1-Sysr1n com-
bination with flip-flops M1-Mjas form a master-slave
flip-flop ladder.

In the thermometer-code example shown in FIG. 3,
each lower end-zone bit D; (1< 1) must be set at *1” to
properly terminate the corrected code. Each upper
end-zone bit D; (i>M) must similarly be set at *0.

These two conditions are shown in Table III below for
the case in which K equals 1.

TABLE III
Thermometer Code
with End-zone Extension for K =1

P Do D1 D2 D3 Dy Day—y Dar Dprgg
<0 1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0
1 1 1 0 0 0 0 0 0
2 i 1 | 0 0 0 0 0
3 1 | 1 1 0 0 0 0
4 1 1 | 1 1 0 0 0
M—l 1 11 11 1 0 0
M 1 1 1 1 | 1 1 0
>M 1 1 | 1 1 1 | 0

FIG. 3 indicates that subcirciuits 12 and 14 consists of
binary “1” and “0” sources for providing the requiriste
termination. |

A simple numerical example based on FIG. 3 and
Table IIT is useful in demonstrating the operational
principles of the present correction circuit. Assume that
elements A1~-Aasfollow Eqgs. 3 and 6 with A equal to 0.
Let B equal 1 (volt). Each voltage E; or F; then varies
between 0 (volt) and 3 (volts). Let binary values bl and
b2 for bits B1-Bjs respectively be “1” and “0”. Also,
assume that bits D1~Das form a 6-bit code.

The way in which the circuit operates can now be
seen by examining the following three cases:

Case | Case 2 Case 3
D1D2D3D4DsDyg = 110000 110100 110010
DoD1D2D3D4DsDgDy = 11100000 11101000 11100100
E(E>E3E4EsEg = 321000 322110 321111
F1F;F3F4FsFg = (12333 011223 012222
B1B,B3;B4BsB¢ = 110000 111000 110000

Case 1 represents the situation in which the original
code (D1 ... Dg) is error-free. An intended “0”-to-"*1”
transition occurs between bits D> and Di. Intermediate
voltages Ej, F», E3, and F3 are “adjacent” to the “0”’-to-
“1” transition. Summing circuitry 16 produces these
voltages at values between the extreme (0-volt and
3-volt) levels. Nonetheless, E; is greater than F», while
E; is less than F3. The corrected code (By . . . Bg)
thereby repeats the original code. |
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Case 2 starts with the above-mentioned example in
which a single transition bit error occurs near the in-
tended “0”’-to-“1” transition point. The organization of
the “1s” and “0s” in the original code indicates either
that D3 is wrong or that D4 is wrong. It is not clear

whether (D1 . . . Dg) should have been (110000) or

(111100). Consequently, the correction circuitry pro-
vides (B1. . . Bg) as the “average” of the two potentially

correct original codes. This gives both a 1-bit average
error and a 1-bit mean-square error.

Case 3 represents the situation in which a single tran-
sition bit error occurs far from the regulate “0”-to-“1”
transition point. From the way in which the “1s” and
“Os” are organized in the original code, it is clear that
(D1 . . . D¢) should have been (110000). The analog
summation overcomes the evident error at Ds. The
corrected code (B1 . . . Be) is supplied at the originally
intended (110000).

" FIG. 4 shows details for an embodiment of FIG. 2
directed particularly towards a circular code. Compo-
nents 10 16, and 20 in FIG. 4 are further organized in
the way described above for FIG. 3. Flip-flops S1-Sps
are substantially identical. Voltages Vpi-Vpayr and
Vpni and Vpnarin FIG. 4 preferably are the interpo-
lated signals provided from the interpolation circuit of
the folding ADC described in U.S. patent application,
Ser. No. 127,867, filed Dec. 2, 1987.

Each lower end-zone bit D; (1< 1) in FIG. 4 must be
the same as bit Daas-.; to enable the corrected circular
code to wrap around the ends. Each upper end-zone bit
D; i>M) similarly must be the same as bit Dni—»ar.
Table IV below shows these conditions for the case in
which K is 1. Subcircuits 12 and 14 of FIG. 1 are imple-
mented in FIG. 4 by simply making the appropriate
connections to flip-flops M1-M.

FIG. 4 indicates that each original bit D;(1=1=M) is
a differential signal formed with separate signals d; and
dni. In particular, D; equals d;-dn;. Each corrected bit
R;is likewise formed with a pair of signals b;and by;. B;
equals bi-bi.

Moving to FIG. §, it illustrates the internal circuitry
of a general voltage-summing circuit for implementing
each extended-input flip-flop S;in FIG. 3 or 4. The
flip-flop in FIG. § contains several generalized transis-

tors denoted by reference symbols that being with the
letter “Q”.

TABLE 1V
Circular Code
_with End-zone Extension for K = 1
P Do D1 D2 D3 Dsg... Dy—1 Dy Dpysi

0 i 0 0 0 O 0 0 1
1 1 1 0 0 O 0 0 0
2 1 t 1 0 O 0 0 0
3 1 | 1 1 0 0 0 0
4 1 1 1 1 1 0 0 0
M—1 1 i 1 1 1 1 0 0
M 0 1 1 1 1 i 1 0
M+1 0 0 1 1 1 1 1 1
M+2 0O 0 0 1 1 1 1 1
M+3 0O 0 0 0 1 1 1 1
M+4 O 0 0 0 0 | 1 i
M—1 0 0 0 0 0 0 l !
IM 1 0 0 0 0 0 0 1

10

15

20

25

30

35

40

45

50

53

635

8
Each of these transistors has a first flow electrode (1E),
a second flow electrode (2E), and a control electrode
(CE) for controlling current transmission between the
flow electrodes. Charge carriers (electrons or holes)
that move between the flow electrodes of each transis-

tor originate at its first electrode and terminate at its
second electrode.
Each of the generalized transistors in FIG. 5 is prefer-

ably a bipolar transistor having an emitter, a coliector,
and a base that respectively are the first flow electrode,
the second flow electrode, and the control electrode.
Each generalized transistor may, however, be embod-
ied as a field-effect transistor (FET) of the insulated-
gate or junction type. The FET source, drain, and gate
electrode respectively are the first, second, and control
electrodes.

Summing element A;in flip-flop S; of FIG. 5 centers
around like-polarity input transistors QA and QB,
2K+1 resistors RA_x... RAg... RAg, and 2K +1
resistors RB_x...RBy. .. RBg. The first electrodes of
transistors QA and QB are connected together at a
supply point PQ. Their second electrodes are respec-
tively connected by way of lines Lg and LF to nodes
Nrand Ng. One end of each resistor RA;is connected to
the QA control electrode. One end of each resistor RB;
is similarly connected to the QB control electrode. The

other ends of each pair of corresponding resistors RA;

and RB; differentially receive bit D;4; in the form of
respective signals d;;and dni;.

Comparator C; in FIG. 5 basically consists of like-
polarity storage transistors QE and QF and a load 24
arranged as a conventional bit storage cell. Cell current
for enabling the cell to store a binary bit is provided at
a supply point Pg connected to the first electrodes of
transistors QE and QF. Signal E; is provided to node
Nz at the junction of the QE second electrode and the
QF control electrode. Signal F;is similarly provided to
node Ngat the junction of the QF second electrode and
the QE control electrode. Load 24 supplies bit B;in the
form of signals b; and bpy;. In certain embodiments, bit
B;is provided directly from nodes Nrand Ngconnected
to load 24.

The remaining elements are a current source 26 and a
switch 28. Current source 26 provides a supply current
Ics. Switch 28 switches current I¢s between points Pg
and Pgsin response to a clock signal V.

The flip-flop operates in the following way. Switch
28 is at the position indicated in FIG. § when clock V¢
is at a first clocking value V. Transistors QE and QF
are both off. Transistors QA and QB receive current
Icsby way of switch 28. The sum of currents Ig;and 15
flowing respectively through lines L zand L ris approxi-
mately equal to Ics.

Incremental voltages representing the values of bits
D;_x-D;.x are appropriately summed at the control
electrodes of transistors QA and QB. This causes their
conductivity levels to differ according to the bit values.
Ics divides between 1z; and If;in the same way.

Load 24 converts currents 1g;and 15 into voltages E;
and F;. Switch 28 changes position when clock V¢ is

switched to a second clocking signal V ¢ different from

V1. Transistors QA and QB both turn off. Transistors
QE and QF latch at a “1” or “0” state depending on
which of voltages E;and F; was higher when signal V¢
switched. Bit B;is provided at a value corresponding to
the latched state.

FIG. 6 shows the specific interconnections for a
block of three flip-flop S;—_1, S;, and S;_ | employable in
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FIG. 4 for the case in which K equals 1. Each flip-flop
in FIG. 6 is an NPN bipolar embodiment of the flip-flop
in FIG. 5. The particular elements in FIG. 6 that imple-
ment the items in FIG. 5§ can be determined by inspec-
tion of the two figures.

Turmng to FIG. 7, it shows details for a current-sum-
ming circuit preferably used to implement flip-flop S;in
FIG. 4. Some of the elements in FIG. 7 are the same as
in FIG. 5. Only a brief discussion is given here about the
common elements.

The summation circuitry in flip-flop S; of FIG. 7
centers around 2(2K+1) like-polarity input transistors
denoted as first transistors QA _x ... QAp... QAxand
second transistors QB_.x. .. QBop. .. QBx. The second
electrodes of transistors QAx~-QAx are connected by
line Lg to a switch 30g that switches between node Ng
‘and point Ps. The second electrodes of transistors
QB_x-QByx are similarly connected by way of line Lr
to a switch 30F that switches between node N and
point Ps. The control electrodes of each pair of corre-
Spondmg transistors QA and QB; differentially receive
bit D1+] in the fom of Slgnﬂ.ls d1+j and dNI+]

An important feature of the flip-flop in FIG. 7 1s that
the first electrodes of all but two of the input transistors
are connected to the 2K nearest flip-flops. In particular,
the first electrodes of each pair QAjand QB;in flip-flop
S; are connected to supply point Pg in (2) flip-flop
Si+j+m for i+j<1, (b) ﬂlp-ﬂop Si+j for 1=14)=M,
and (c) flip-flop S;+.j—m for 1+ j>M. Conditions (a) and
(c) allow the summation to wrap around the ends for
the circular code. FIG. 7 illustrates the situation in
which flip-flop S;is near the center of flip-flops S1-Sxs.
Only transistors QAg and QBg in ﬂ1p-ﬂ0p S; have their
first electrodes connected to point Pg in flip-flop S..

Point Pg in flip-flop S; is also connected to the first
electrodes of 2K pairs of differentially configured input
transistors in the nearest 2K flip-flops. Although not
strictly a part of flip-flop S;, these transistors are shown
in FIG. 7 using a primed notation. In total, current
source 26 in flip-flop S; provides current Ics. thmugh
point Pp to 2(K4-1) input tran31stors in summing Cir-
cuitry 16.

The correction circuit operates as follows using the
implementation shown in FIG. 7. Switches 30g and 30F
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connect lines Lg and L r respectively to nodes Ng and 45

Nrwhen clock signal Vcequals V. Clock Vis com-
monly supplied to all of flip-flops S1-Sps Transistors
QE and QF in each of flip-flops S1-Sasr are therefore
turned off.

Because flip-flops S1-Sas are substantially identical,
the input transistsors in flip-flop S;receive a total supply
current largely equal to I¢cs. Furthermore, each pair of
transistors QA; and QB; receives a fractional supply

50

current determined by their size. Depending on the -

value of each bit D;..; one of the transistors in corre-
sponding pair QA;and QB;is turned on while the other
is turned off. The incremental currents flowing through
those of transistors QA . x-QA that are turned on are
summed along line L gto produce current Ig;. Likewise,
current Iz through line Lris formed as the sum of the
incremental currents flowing through those of transis-
tors QB . x-~QBx that are turned on. Currents Ig;and 15
thus vary according to the values of bits D;_ x~-Di+ k.
Transistors QA . x-QAx and QB _x-QBg are prefer-
ably identical except possibly for their widths. Assum-

ing that the first electrodes of each pair QA; and QB;

have the same width wj;, currents Iz and I can be
expressed as:
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R )
Iri = Ucs/wp . 2 wil = Dit)

where the term wrequals

K
% W
j=—K
D;.jis given as 1 when transistor QA, is on and transis-
tor QB;is off, and D;.;is given as 0 in the opposite case.
Egs. (7) and (8) are particularized versions of Egs. (2)
and (5) in which the w; terms are the weighting con-
stants.

As in FIG. 5, load 24 converts currents Ig;and I g;into
voltages E; and F;. Switches 30r and 30F connect lines
L and LF to point Ps when clock V¢ is switched to
V. Point Psreceives a supply current largely equal to
Ics. Transistors QE and QF then latch at a “1” or “0”
state. This allows load 24 to produce bit B; at a binary
value dependent on whether signal E; was greater than
or less than signal F; just before signal V¢ changed to
V.

With slight modifications, the circuit shown in FIG. 7
can also be used for a thermometer code. Suitably sized
current sources that act as “1” and “0” sources are
substituted for the connections that provide the wrap-
around.

FIG. 8 depicts the specific interconnections for a
block of three identical circuits S;—1’, S/, and S;+1’
employable in FIG. 4 for the case where K is 1. Circuit
S/ in FIG. 8 is an NPN bipolar implementation of flip-
flop S;in FIG. 7 except that some of the input transistors
for flip-flop S;are shown within circuits S;1" and S;41
in FIG. 8. With this in mind, the elements in FIG. 8 that
implement the items in FIG. 7 can be ascertained by
inspection. Note that signals b; and by; are provided as
current outputs in FIG. 8.

While the invention has been descnbed with refer-
ence to particular embodiments, this is solely for the
purpose of illustration and is not to be construed as
limiting the scope of the invention claimed below. For
example, the extended-input flip-flops might be imple-
mented with current multipliers using complementary
FET’s. Thus, various modifications and applications
may be made by those skilled in the art without depart-
ing from the true scope and spirit of the invention as
defined in the appended claims.

We claim:

1. An electronic circuit comprising an input stage for
supplying M original binary bits represented sequen-
tially as bits Dy, D3 . . . Dy where M is at least 3, the
original bits switching between a first binary value and
a second binary value as a function of an integer vari-
able P such that, when P is set at any particular integer
value in a range extending from 0 to M, each bit D;
(where “i” is a running integer) is ideally at one of the
binary values for i>P and at the other binary value for
i=DP, characterized by error correction means compris-
ing:

end-zone means for supplying 2K end-zone binary

bits represented sequentially as bits D_x . 1... Do

and Dase1... Dyrx where K is at least 1;
summing means for generating M intermediate sig-

nals represented sequentially as signals Ej, E; . . .
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Eas, each signal E; being generated so as {o vary

substantially according to a weighted analog sum-
mation of the 2K 41 bits D;_x... D;... Di4.x; and
comparing means for producing M corrected binary

12

switching means responsive to a clock signal for
switching current Ics between the first and second
supply points.

10. A circuit as in claim 9 characterized in that each

bits represented sequentially as bits B;, By. . . Byy 5 impedance element is a resistor.

by comparing signals Eq, E2 . . . Ep respectively
with M further signals represented sequentiaily as
signals Fy, Fa. . . Fay, each bit B;being produced at
one of the binary values if signal E; is greater than
signal F;and at the other binary value if signal E;is
less than signal F.

2. A circuit as in claim 1 wherein each original bit D;
is ideally at the first binary value for i=P and at the
second binary balue for 1> P, characterized in that each
end-zone bit D;is fixed at the first binary value for 1<1
and at the second binary value for i>M.

3. A circuit as in claim 1 characterized in that each
signal F;is set at a reference voltage between the ex-
treme voltages achieved by signal E; during normal
operation.

4. A circuit as in claim 1 characterized in that the bits
in each grou of 2K +1 bits D;—x ... D;. .. Diykare
given approximatley equal weights in generating signal
E..

5. A circuit as in claim 1 characterized in that the
summing means generates each signal F; so as to vary
substantially according to a weighted analog summa-
tion of the complements of the 2K +1 bits D;_x. .. D;
o DitKe

6. A circuit as in claim 5 wherein each original bit D;
is ideally at the first binary value for 1=P and at the
second binary value for i> P, characterized in that each
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end-zone bit D;is fixed at the first binary value fori<1

and at the second binary value for i>M.
7. A circuit as in claim 5 characterized in that each
end-zone bit D; for i< 1 is the same as the complement
of bit d;n+;, and each end-zone bit D; for i>M is the
same as the complement of bit d;_ ..
8. A circuit as in claim 5 characterized in that the bits
in each group of 2K +-1bits D;_x... D;... D;4+x and
their complements are given approximately equal
weights in generating signals E; and F;.
9. A circuit as in claim § characterized in that the
summing and comparing means comprise M sections
represented sequentially as sections Sy, S2. . . Sy, each
section S; comprising:
a current source for providing a supply current Ics;
first and second input transistors, each having a first
flow electrode, a second flow electrode, and a
control electrode for controlling current transmis-
sion between the flow electrodes, the first elec-
trodes coupled together at a first supply point, each
of the second electrodes coupled to a different one
of a pair of nodes;
2K + 1 pairs of first and second impedance elements,
one end of each first impedance element coupled to
the control electrode of the first transistor, one end
of each second impedance element coupled to the
control electrode of the second transistor, the other
ends of each pair of impedance elements differen-
tially receiving a different one of the 2K+ 1 bits
Di—x...Di...Ditxs

bit storage means for generating bit R; 1n response to
signals E;and F;respectively supplied at the nodes,
the storage means having a second supply point for
receiving supply current to store bit B; and
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11. A circuit as in claim § characterized in that the
summing and comparing means comprise M largely
identical sections represented sequentially as sections
S1, S2. .. Sy, each section S; comprising:
a current source for providing a supply current Icgsat
a first supply point;

22K +1) like-polarity input transistors represented
sequentially as first transistors QA_x ... QAgp. ..
QAx and as second transistors QB_x ... QBo. ..
QBk, each transistor having a first flow electrode,
a second flow electrode, and a control electrode
for controlling current transmission between the
flow electrodes, the first electrodes being jointly
supplied with a current largely equal to current
Ics, the first electrodes of each pair of correspond-

~ ing transistors QAjand QBj(where *j” is a running
integer) coupled together, the control electrodes of
each pair of transistors QAjand QB;being differen-
tially responsive to bit D;;, the second electrodes
of the first transistors coupled together to a first
line, the second electrodes of the second transistors
coupled together to a second line;

bit storage means for generating bit B;in response to

signals E; and F; respectively supplied to the first
and second nodes, the storage means having a sec-
ond supply point for receiving supply current to
store bit B; and

switching means responsive to a clock signal (a) for

coupling the first and second lines respectively to
the first and second nodes when the clock signal is
at a first clocking value and (b) for coupling the
first and second lines to the second supply point
when the clocking signal is at a second clocking
value different from the first clocking value.

12. A circuit as in claim 11 characterized in that the
first electrodes of each pair of transistors QAjand QBjin
each section S; are further coupled to the first supply

_point in sections S;4;for 1=i4j=M.

13. A circuit as in claim 12 characterized in that each
end-zone bit D; for i< 1 is the complement of bit das+;,
and each end-zone bit D; for i>M is the same as the
complement of bit d;_ .

14. A circuit as in claim 11 characterized in that the
first electrodes of each pair of corresponding transistors
QA jand QB;in each section S;are further coupled to the
first supply point in (a) section S; ;4 m for 14-3<1, (b)
section S;jfor 1=i4j=M, and (c) section S;4 ;s for
1+i>M.

15. A circuit as in claim 14 characterized in that: the
first electrodes of transistors QA;and QB;in each sec-
tion S;have largely the same width wj; and the currents
Ig; and Ifp; flowing respectively through the first and
second lines in each section S; when the clock signal is
at the first clocking value are given as

¥
Igi = (Ucs/wr) j__f; K wiDiy ;

K
Ipi = (ICS/WT)J__{?_ o WAL — Dix))

where
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D;;is given as 1 when transistor QA; is fully on and
_transmtor QB;is off, and D;..jis given as 0 when transis-
tor QB;is fully on and transistor QA is off.

16. A circuit as in claim 16 characterizead in that each
transistor is a bipolar transistor.

17. A digital averaging circuit comprising M sections
represented seqeuentially as sections S1, S2 . . . Sp
where M is at least 3, for producing M corresponding
binary bits represented sequentially as bits By, By . . .
By in response to M+2K binary bits represented se-
quentially as bits D_x1... Do, D1...Da Dary1. .

. Dym+.x, where K 1s at least 1 each sectmn S, (where “1”
is a running integer) comprising:
a current source for providing a supply current Ics;
first and second input transistors, each having a first
flow electrode, a second flow electrode, and a
control electrode for controlling current transmis-
sion between the flow electrodes, the first elec-
trodes coupled together at a first supply point, each
of the second electrodes coupled to a different one
of a pair of nodes that respectively provide signals
E;and F;,

2K +1 pairs of first and second impedance elements,
one end of each first impedance element coupled to
the control electrode of the first transistor, one end
of each second impedance element coupled to the
control electrode of the second transistor, the other
ends of each pair of impedance elements differen-
tially receiving a different one of the 2K +1 bits
Df_K. e o Df. e o D5+K;

bit storage means for generating bit B;in response to
signals E; and F; at the nodes, the storage means
having a second supply point for receiving supply
current to store bit B,, and

switching means responsive to a clock signal for cou-

pling the current source (a) to the first supply point
when the clock signal is at a first clocking value
and (b) to the second supply point when the clock
signal is changed to a second clocking value differ-
ent from the first clocking value to enable the stor-
age means to produce bit B; at a first binary value
or a second binary value depending on whether
signal E; was greater than or less than signal F; just
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before the clock signal changed to the second
clocking value.

18. A circuit as in claim 17 wherein each impedance
element is a resistor.

19. A digital averaging circuit comprising M sections
represented sequentiaily as sections Sy, S3. . . Sy, where
M is at least 3, for producing M corresponding binary
bits represented sequentially as bits By, Bz . . . Bysin
response to M+2K binary bits represented sequentially
as bits D_x+1... Do, D1...Da, Dart1. .. Dk
where K i1s at least 1, each sectlon Si (where “’ 15 a
running integer) comprising:

a current source for providing a supply current at a

first supply point;

2(2K +1) like-polarity input transistors represented
sequentially as first transistors QA_g ... QAp. ..
QAx and as second transistors QB_x ... QBo. ..

QBg, each transistor having a first flow electrode,
a second flow electrode, and a control electrode
for controlling current transmission between the
flow electrodes, the control electrodes of each pair
of corresponding transistors QA; and QB; (where
“j"’ is a running integer) being differentially respon-
sive to bit D; ;, the first electrodes of gach pair of
transistors QA; and QB; coupled together to the
first supply point in section S;4.; for 1=i+j=M,
the second electrodes of the first transistors cou-
pled together to a first line, the second electrodes
of the second tranmsistors coupled together to a
second line;

blt storage means for generating bit B;in response to
signals E; and F; respectively provided at first and
second nodes, the storage means having a second
supply point for receiving supply current to store

switching means responsive to a clock signal (a) for
coupling the first and second lines respectively to
the first and second nodes when the clock signal 1s
at a first clocking value and (b) for coupling the
first and second lines to the second supply point
when the clock signal is changed to a second clock-
ing value different from the first clocking value to
enable the storage means to produce bit B;at a first
binary value or a second binary value depending on
whether signal E; was greater than or less than
signal F; just before the clock signal changed to the
second clocking value.

20. A circuit as in claim 19 wherein each transistor is

a bipolar transistor.
* ® %X ¥ X
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